Introduction
Hypothyroidism is a prevalent condition, affecting more than 10 million Americans (1, 2) . Historically, the standard of care for treating hypothyroid patients was administration of thyroid extracts to resolve symptoms. The discovery that the main thyroid product thyroxine (T4) is largely activated to 3,5,3′-triiodothyronine (T3) outside of the thyroid parenchyma made treatment with levothyroxine (L-T4) and normalization of serum thyroid-stimulating hormone (TSH) levels the new, and current, standard of care (1, 2) . However, patients on L-T4 monotherapy exhibit a relatively higher serum T4/T3 ratio (3), with unknown long-term consequences to thyroid hormone signaling and general health. This is particularly relevant given that clinical studies indicate that 5%-10% of L-T4-treated hypothyroid patients with normal serum TSH have persistent symptoms that can be related to the disease (4) .
While the molecular basis for the residual hypothyroid symptoms is lacking, it is generally hypothesized that these patients suffer from tissue-specific states of hypothyroidism and that serum TSH might not adequately reflect thyroid status at the level of different tissues (5) . This scenario is partially supported by 2 factors: First, serum T3 is below the lower limit of the reference range in approximately 15% of the hypothyroid patients treated with L-T4 monotherapy, despite normal serum levels of TSH and a relatively higher serum free T4 (6, 7) . In many cases, normalization of serum T3 with L-T4 monotherapy can only be achieved at the expense of having an elevated serum T4 and low/suppressed serum TSH (7) . However, it is not clear that the relatively lower serum T3 is clinically relevant or plays a causal role in the residual hypothyroid-like symptoms, which can be nonspecific in nature, such that some investigators have implicated other prevalent conditions, such as perimenopause or depression, as possible contributing factors in these symptomatic patients (8) .
Second, in many organs and tissues the type 2 deiodinase (D2, encoded by DIO2) pathway makes a substantial contribution to the local T3 content, as much as approximately 50% in some tissues (9) . For instance, in both the brain and the brown adipose tissue (BAT), thyroid hormone signaling depends on both plasma T3 and T3 locally generated via the D2 pathway (10) (11) (12) . In the brain, D2 is expressed in astrocytes (13, 14) , while thyroid hormone receptors and type 3 deiodinase (D3), which inactivates T3, are found in neurons (15) . D2-generated T3 exits the glial cells and acts in a paracrine fashion to modulate the expression of T3-responsive genes in the neighboring neurons (16) . In a mouse with astrocyte-specific D2 inactivation (Dio2 fl/fl crossed with GFAP-Cre) there is loss of more than 95% in brain D2 activity (17) . D2 is a type I endoplasmic reticulum-resident thioredoxin fold-containing selenoprotein with a variable
The current treatment for patients with hypothyroidism is levothyroxine (L-T4) along with normalization of serum thyroidstimulating hormone (TSH). However, normalization of serum TSH with L-T4 monotherapy results in relatively low serum 3,5,3′-triiodothyronine (T3) and high serum thyroxine/T3 (T4/T3) ratio. In the hypothalamus-pituitary dyad as well as the rest of the brain, the majority of T3 present is generated locally by T4 deiodination via the type 2 deiodinase (D2); this pathway is self-limited by ubiquitination of D2 by the ubiquitin ligase WSB-1. Here, we determined that tissue-specific differences in D2 ubiquitination account for the high T4/T3 serum ratio in adult thyroidectomized (Tx) rats chronically implanted with subcutaneous L-T4 pellets. While L-T4 administration decreased whole-body D2-dependent T4 conversion to T3, D2 activity in the hypothalamus was only minimally affected by L-T4. In vivo studies in mice harboring an astrocyte-specific Wsb1 deletion as well as in vitro analysis of D2 ubiquitination driven by different tissue extracts indicated that D2 ubiquitination in the hypothalamus is relatively less. As a result, in contrast to other D2-expressing tissues, the hypothalamus is wired to have increased sensitivity to T4. These studies reveal that tissue-specific differences in D2 ubiquitination are an inherent property of the TRH/TSH feedback mechanism and indicate that only constant delivery of L-T4 and L-T3 fully normalizes T3-dependent metabolic markers and gene expression profiles in Tx rats.
Differences in hypothalamic type 2 deiodinase ubiquitination explain localized sensitivity to thyroxine L-T4 monotherapy and L-T4 plus L-T3 combination therapy. The large majority of these trials found that both forms of treatment are equivalent, despite elevation in serum T3 in the patients on combination therapy (32) . A large study also considered the DIO2 polymorphism but only found a weak statistical association with preference for the combination therapy versus monotherapy among hypothyroid patients (33, 34) . These trials have led major professional societies in the US and Europe to label the situation as "controversial" and to continue the recommendation that L-T4 monotherapy remain the standard of care for hypothyroid patients (1, 2, 4) .
Insight into 3 basic questions is needed for a better understanding of the molecular basis for the treatment of hypothyroidism: (a) What is the mechanistic explanation for the lack of normalization of serum T3 in L-T4-treated hypothyroid individuals exhibiting a normal serum TSH? (b) Do these relatively low serum T3 levels and/or relatively elevated serum T4 levels affect thyroid hormone signaling? (c) Can thyroid hormone homeostasis and T3-dependent markers be normalized by L-T4 and L-T3 combination therapy?
To address these questions, the present studies modeled the situation in an animal system using a large number of thyroidectomized (Tx) rats that were treated with L-T4 alone or a combination of L-T4 and L-T3 for 7 weeks. Here we report that due to hypothalamus-specific differences in D2 ubiquitination there is a sensitivity gradient in the loss of D2 activity in response to T4 between the hypothalamus and the rest of the brain and body. This explains why treatment with L-T4 alone fails to normalize serum TSH and T3 simultaneously. The lack of normalization of serum T3 and the higher serum T4 levels in L-T4-treated Tx rats have clear metabolic implications, including persistent hypercholesterolemia and relatively lower mitochondria content in liver and skeletal muscle. Furthermore, the relatively high serum T4 levels reduce D2 activity in different areas of the CNS, which, combined with lower serum T3 levels, results in local hypothyroidism. Only combined therapy with constant delivery of both L-T4 and L-T3 fully normalized T3-dependent metabolic markers and gene expression in Tx rats. These findings have important implications that may support the role of combination therapy in the treatment strategy for humans with hypothyroidism and thus may drive the need for development of improved pharmacologic modes for L-T3 administration and for high-quality randomized controlled trials in humans.
Results
Serum thyroid function tests in Tx rats treated with different thyroid hormone replacement regimens Placebo-Tx animals exhibited the expected elevation in serum TSH and decrease in serum T4, T3, and reverse T3 (rT3) levels, with a reduction in the serum T4/T3 ratio when compared with placebocontrol animals (Table 1) . At the same time, T4-mono animals had normal serum TSH (Table 1 and Figure 1A ), but serum T4 was found to be higher, and serum T3 lower, in comparison with placebo-control animals (Table 1) ; thus the elevated serum T4/T3 ratio (Table 1 and Figure 1B ). In contrast, T4/T3-comb animals exhibited serum levels of TSH, T4, T3, and T4/T3 ratio that were indistinguishable from those in placebo-control animals (Table 1) .
half-life that depends on the level of its natural substrate, T4. In the presence of T4, D2 is inactivated with an approximately 20-minute half-life, whereas in the absence of T4, its half-life is prolonged to hours (9) . This provides a mechanism through which the production of T3, the biologically active thyroid hormone, can be regulated according to the availability of T4. For example, an accumulation of D2 in cells increases the fractional conversion of T4 to T3 when serum T4 levels are low, such as in the case of iodine deficiency or hypothyroidism. In contrast, because T4 inactivates D2 so efficiently, it is conceivable that thyroid hormone signaling is dampened if T4 levels are high (18) . In other words, a high serum T4/T3 ratio in L-T4-treated patients could actually reduce thyroid hormone signaling in D2-expressing tissues such as brain and BAT.
D2 ubiquitination is the molecular mechanism that modifies D2 half-life where binding to ubiquitin inactivates the enzyme and targets it for degradation in the proteasomes (19, 20) . Ubiquitination is thought to inactivate D2 by disrupting the conformation of the D2:D2 dimer, critical for enzyme activity. A unique 18-amino acid loop confers intrinsic metabolic instability to D2, facilitating binding to proteins involved in the ubiquitination process (21, 22) . This loop is also the site where a prevalent genetic polymorphism in DIO2 causes a single amino acid substitution, Thr to Ala, in position 92 in humans (23) . While the kinetic properties of the polymorphic D2 remain unaffected, the fact that it is associated with a large number of diseases and conditions, including obesity and intolerance to glucose, suggests that the Thr92AlaD 2 compromises the ability of this pathway to mediate thyroid hormone signaling (24) .
The ubiquitin-activating enzymes UBC6 (UBE2J) and UBC7 (UBE2G1) participate in the process of D2 ubiquitination (25, 26) , as well as 2 ubiquitin ligases, the hedgehog-inducible WSB-1 (22) and TEB4, a ligase involved in the degradation of proteins in the endoplasmic reticulum (27) . Ubiquitinated D2 (UbD2) is not immediately taken up by the proteasomes. Instead, UbD2 can be reactivated by deubiquitination, a process catalyzed by two USPclass D2-interacting deubiquitinases (DUBs), USP-20 and USP-33 (28) . D2 ubiquitination occurs via K48-linked ubiquitin chains, and exposure to its natural substrate, T4, accelerates UbD2 formation (29) . UbD2 is retrotranslocated to the cytoplasm via interaction with the p97-ATPase complex and deubiquitination by the p97-associated DUB ataxin-3. Once in the cytosol, D2 is delivered to the proteasomes and irreversibly degraded (29) .
These observations that a lower serum T3 and higher serum T4 could independently dampen thyroid hormone signaling support a modified approach to treatment of hypothyroidism that includes combination therapy with L-T4 and liothyronine (L-T3), through administration of either L-T4 plus L-T3 or desiccated thyroid extracts, which inherently contain both compounds. Replacing some of the L-T4 given to patients with L-T3 would raise/normalize serum T3 while preserving serum TSH within the normal range. This rationale is supported by studies in rodents in which normalization of serum T4, T3, and TSH as well as tissue content of T4 and T3 can only be achieved if combination therapy with L-T4 and L-T3 was used (30, 31) . Nevertheless, multiple randomized controlled clinical trials in hypothyroid patients have addressed objective and subjective clinical outcomes comparing jci.org is positively regulated by T3, and thus it was used as an index of thyroid hormone action in liver and skeletal muscle. Accordingly, there was an about 50% reduction in mitochondrial content in placebo-Tx animals in both liver and kidney (Table 2) as well as in the activity of the mitochondrial α-glycerolphosphate dehydrogenase (α-GPD), a typical T3-responsive enzyme in both of these tissues (Table 2) . Notably, despite a significant improvement in serum thyroid function tests, T4-mono animals failed to normalize both mitochondrial content and α-GPD activity in liver and skeletal muscle, with values remaining significantly below those in placebo-control animals ( Table 2 ). Only in the T4/T3-comb animals was there normalization of the mitochondrial content and α-GPD activity in liver and skeletal muscle (Table 1) . Remarkably, in the T4/T3-inj-comb animals both parameters remained below the values observed in the placebo-control animals ( Table 2) .
Serum cholesterol and triglyceride levels. Serum cholesterol is negatively regulated by T3 and therefore almost doubled in the placebo-Tx rats ( Table 2) . At the same time, serum cholesterol was reduced in the T4-mono animals, although not to the levels observed in the placebo-control animals ( Table 2 ). Only in the T4/T3-comb animals did serum cholesterol return to the level observed in the placebo-control animals ( Table 2 ). In contrast, serum cholesterol remained elevated in the T4/T3-inj-comb animals ( Table 2 ). Serum triglycerides were also elevated in placebo-Tx rats, but, in this case, all forms of replacement therapy resulted in normalization of their values, not different from in the placebo-control animals ( Table 2 ).
D2 activity in the rat cerebral cortex, hippocampus, and hypothalamus
It is clear that T4-mono rats exhibit lower BAT D2 activity reflecting their higher serum T4 levels. Is this true for D2 activity in the brain as well? To learn more about how D2 in different tissues responds to hypothyroidism and to the chronically elevated serum T4 levels, D2 activity was measured in the cerebral cortex, hippocampus, and hypothalamus. There was an 8-to 20-fold increase in D2 activity in the cerebral cortex, hippocampus, and BAT of the placebo-Tx rats (Table 3 ). D2 activity in the hypothalamus was notably less affected, increasing only by 18% in the placebo-Tx group (Table 3) . Treatment with T4 (T4-mono animals) markedly reduced D2 activity in most areas of the brain and BAT, reaching levels that were significantly lower than those in placebo-control animals (Table 3) . Again, hypothalamic D2 activity Notably, T4/T3-inj-comb animals exhibited normal serum T4 but serum TSH was approximately doubled, serum T3 slightly decreased, and serum T4/T3 ratio increased in comparison with placebo-control animals ( Table 1 ). Serum rT3 levels were normalized by treatment with thyroid hormone independently of the replacement strategy used (Table 1) .
Fractional T4-to-T3 conversion and contribution of D1 versus D2 pathways to serum T3 in T4-mono rats The thyroid function tests of the Tx rats kept on different thyroid hormone replacement regimens suggest that impaired conversion of T4 to T3 might be a limiting factor in achieving normal serum T3. This was studied by first measuring the total-body fractional conversion of T4 to T3 in placebo-control rats and T4-mono rats and plotting the results versus serum T4 levels ( Figure 1C ). In placebo-control rats the fractional conversion of T4 to T3 was approximately 25% per day. In contrast, in the T4-mono rats the fractional conversion was lower at approximately 20%. Given that D2 is inhibited by T4 via ubiquitination, these findings suggest that the relative D2-mediated T3 production decreases because of the elevated serum T4 in the T4-mono rats.
To test this hypothesis, we obtained a baseline blood sample from T4-mono rats that were subsequently treated with 2 mg propylthiouracil (PTU) per 100 g body weight (BW) per day and euthanized 48 hours later. In the placebo-control animals, the drop in serum T3 -as defined by the difference between before and after treatment with PTU -was about 35%, whereas in the T4-mono rats, the drop in serum T3 was approximately 60% ( Figure 1D ). These figures indicate that the contribution of the D1 pathway to serum T3 is much greater and that of the D2 pathway much smaller in the T4-mono animals compared with placebo-control animals. This greater D1 versus D2 contribution to serum T3 was verified by measurement of D1 and D2 activities in the liver and BAT, respectively. Whereas liver D1 activity was decreased by approximately 10% in T4-mono rats (likely as a result of the lower serum T3 levels), BAT D2 activity was reduced by about 40% in the same group of animals (likely as a result of the elevated serum T4) ( Figure 1 , E and F).
Systemic impact of lower serum T3 in T4-mono rats: analysis of T3-dependent biological parameters in liver and skeletal muscle Mitochondrial content and α-glycerolphosphate dehydrogenase activity in liver and skeletal muscle. Tissue mitochondrial content Table 1 . Serum TSH, T4, and T3 in Tx rats treated with different thyroid hormone replacement regimens TSH is the thyroid-stimulating hormone; TT4 and TT3 are the serum levels of total T4 and total T3, respectively. Animals were killed 4 hours after the last T3 injection in the T4/T3-inj-comb group. In a limited number of T4/T3-inj-comb animals (n = 14), serum T3 was measured immediately before the daily injection and found to be 0.75 ± 0.06 (P < 0.01 vs. at the 4-hour time point). Composition of animal groups is described in Methods. Entries are the mean ± SD of the indicated number of animals (n). Statistical analysis was by 1-way ANOVA.
AAA P < 0.001 vs. all other groups.
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4 jci.org negative cells, i.e., neurons and tanycytes (35) . Accordingly, D2 activity remained stable in this area ( Figure 2D ). To confirm that the D2 pathway is not affected in the hypothalamic hypophysiotropic area of the Astro-WS-B-1KO mouse, we documented that the paraventricular nucleus Trh mRNA levels assessed by in situ hybridization, which are very sensitive to D2 activity, were indistinguishable between littermate controls and Astro-WS-B-1KO animals (Supplemental Figure 1B ; supplemental material available online with this article; doi:10.1172/JCI77588DS1). We next studied brain D2 activity in Astro-WSB-1KO animals that were made hypothyroid, which would naturally slow down D2 ubiquitination. In both littermate controls and Astro-WSB-1KO animals a mild degree of hypothyroidism was achieved with 65%-75% reduction in serum T4 concentration (control: 82 ± 18 vs. 25 ± 10 ng/ml; n = 5-6; P < 0.01; Astro-WSB-1KO: 98 ± 20 vs. 31 ± 13 ng/ml; n = 5-6; P < 0.01) and no changes in serum T3 concentration (0.45 ± 0.2 vs. 0.33 ± 0.16 ng/ml; n = 5-6; Astro-WSB-1KO: 0.42 ± 0.2 vs. 0.36 ± 0.10 ng/ml; n = 5-6). In the control animals, hypothyroidism led to a two-to fivefold elevation in D2 activity in the hippocampus, cerebral cortex, and cerebellum ( Figure 3 , A-C). At the same time, D2 activity increased to the same levels in Astro-WSB-1KO animals, except that in the hippocampus and cerebral cortex the baseline values were already higher in these animals ( Figure 3 , A-C). The elevation in D2 activity as a result of WSB-1 inactivation is indicated with a bracket (WSB-1); the residual (WSB-1-independent) elevation in D2 activity caused by hypothyroidism is likely due to the action of another ubiquitin ligase, TEB4 (Figure 3, A-C) . Notably, D2 activity in the hypothalamus was not affected by hypothyroidism in either mouse strain ( Figure 3D) .
Next, hypothyroid Astro-WSB-1KO and littermate control animals were treated with T4 for 2 weeks in order to restore serum T4 levels (WT: 72 ± 29 ng/ml; Astro-WSB-1KO: 86 ± 8.2 ng/ml; n = 3-5). Whereas this normalized D2 activity in the hippocampus, was less affected by T4-mono therapy, remaining 9% above levels seen in the placebo-control group (Table 3) . Both T4/T3-comb and T4/T3-inj-comb animals exhibited D2 activity levels that were similar to those in placebo-control animals, while D2 activity in the hypothalamus was only minimally affected by either form of treatment (Table 3) .
WSB-1 modulates D2 activity through ubiquitination in discrete brain areas As it became clear that there is tissue-specific regulation of D2 activity by T4, we hypothesized that this was due to differences in D2 ubiquitination via WSB-1, the D2-interacting ubiquitin ligase that mediates T4-induced D2 inactivation. Thus, we next studied the Astro-WSB-1KO (GFAP-Cre Wsb1 fl/fl ) mouse with selective disruption in WSB-1 expression in the astrocytes to study D2 regulation by T4 in the brain. As planned, these animals exhibited a reduction of about 50% in Wsb1 mRNA levels in the cerebral cortex, 80% in the hippocampus, and 65% in the cerebellum ( Figure 2B ), which was associated with doubling in D2 activity in the cerebral cortex and hippocampus, but not in the cerebellum ( Figure 2D ). Dio2 mRNA levels were not affected in any of these regions given the posttranscriptional nature of D2 regulation ( Figure 2C ). Unexpectedly, no changes in Wsb1 expression were observed in the hypothalamus (Figure 2B ), indicating that in this region WSB-1 is predominantly expressed in GFAP- that can be used as indices of thyroid hormone activity (36) . We analyzed the expression of a set of 10 positively regulated genes (cerebral cortex, hippocampus, and cerebellum) and a set of 4 negatively regulated genes (cerebral cortex) ( Table 3 ). In the placebo-Tx animals the expression of the positively regulated genes was reduced to 30%-70% whereas the expression of the negatively regulated genes was increased 1.5-to 2.4-fold in comparison with the placebo-control animals (Table 3) . Treatment with T4 (T4-mono rats) reversed this situation partially in the cerebral cortex and hippocampus and completely in the cerebellum in comparison with placebo-control animals. T4-mono treatment increased expression of the set of positively regulated genes in the cerebral cortex and hippocampus, but levels of the 5 genes remained below those in the placebo-control group (Table  3) . In the cerebellum, the expression of all 3 genes was normalized by T4-mono, with 1 gene (Syt12) remaining in fact slightly higher when compared with that in the placebo-control group (Table 3 ). An inverse situation was seen with the genes that are negatively regulated by T3. Levels of all 4 genes were decreased by T4-mono but remained higher when compared with the levels observed in the placebo-control animals (Table 3) . Remarkably, the expression of all genes, both positively and negatively regulated sets, was normalized in the T4/T3-comb therapy (Table  3) . However, this was not the case when the animals receiving T4/T3-inj-com therapy were analyzed, in which case the expression of both sets of genes remained significantly different from that in placebo-control animals ( Table 3) .
Discussion
These studies model different thyroid hormone replacement strategies in Tx rats and provide 5 major advances toward understanding thyroid hormone homeostasis and action (Figure 5) . (a) D2 susceptibility to ubiquitination differs among specific tissues as evident in different areas of the brain. These include areas where (i) WSB-1 mediates T4-induced D2 inactivation, i.e., cerebral cortex and hippocampus; (ii) WSB-1 does not mediate T4-induced D2 inactivation, i.e., cerebellum; and (iii) T4-induced D2 regulation is minimal (almost nonexistent), i.e., hypothalamus (Figures 2-4) . (b) That the D2 regulation by T4 in the hypothalamus is poor was defined by the inability of cerebral cortex, and cerebellum of littermate controls ( Figure  3 , A-C), the same treatment in Astro-WSB-1KO mice only normalized D2 activity in the cerebellum ( Figure 3C ). In the hippocampus and cerebral cortex, treatment with T4 only brought D2 activity back to the relatively higher levels observed in intact Astro-WSB-1KO animals ( Figure 3, A and B) . Once again, D2 activity in the hypothalamus in all animals did not respond to treatment with T4 ( Figure 3D ).
An in vitro D2 ubiquitination assay to assess susceptibility to T4-induced loss of D2 activity To define the molecular basis of such tissue specificity in the relationship between serum T4 and D2 activity and to bypass the limitation imposed by the poor coexpression of GFAP and WSB-1 in the hypothalamus, an in vitro ubiquitination assay was created in which microsomal 35 S-D2 synthesized in 35 S-labeled HEK-293 cells stably expressing D2 is incubated in vitro under conditions in which D2 can be ubiquitinated in the presence of a tissue-specific fraction II (29) . The products of the reaction were visualized after size fractionation in SDS-PAGE followed by autoradiography (Figure 4) . The 35 S-D2 input and higher molecular bands corresponding to 35 S-UbD2 can be seen in all lanes containing the appropriate reagents. The pattern of 35 S-D2 bands was similar whether fraction II from hippocampus or cerebral cortex was used. However, the amount of 35 S-UbD2 was much less when hypothalamic fraction II was used. Remarkably, the addition of recombinant human WSB-1 protein to the hypothalamic fraction II restored the pattern of 35 S-UbD2 ubiquitination. No bands were observed when no tissue extract or ubiquitin was added to the reaction (Figure 4 ).
CNS impact of combined lower serum T3 and D2 activity in T4-mono rats: analysis of T3-dependent biological parameters in the brain Thyroid hormone signaling in the brain depends on serum T3 and on mechanisms that control local production and inactivation of thyroid hormone via D2 and D3, respectively. Thus, on the basis of our previous observation in cells that high T4 levels can reduce T3 production (18), we hypothesized that the brains of the T4-mono rats would be relatively hypothyroid despite normal serum TSH levels. To test this, we took advantage of the fact that the brain expresses a number of T3-responsive genes Table 2 . Skeletal muscle and liver mitochondrial content, α-GPD activity, and lipid levels in the serum of Tx rats treated with different thyroid hormone replacement regimens Cholesterol and triglycerides are indicated as serum levels. Composition of animal groups is described in Methods. Entries are the mean ± SD of the indicated number of animals (n). Statistical analysis was by 1-way ANOVA. Downloaded from http://www.jci.org on March 6, 2018. https://doi.org/10.1172/JCI77588 jci.org hypothalamic extracts to mediate normal D2 ubiquitination. Thus, in the hypothalamus, T4 signaling is largely preserved throughout the spectrum of serum T4 levels tested here, even as serum T4 fluctuates above the levels observed in intact placebocontrol animals. This resolves the apparent paradox between the homeostatic regulation of D2 and its role in mediating the critical mechanism by which T4 triggers the TSH negative feedback. These findings also explain how the higher serum T4 compensates for the lower serum T3 to normalize serum TSH in the T4-mono rats (Table 1) . (c) Because D2 is generally downregulated by T4 in all tissues that were tested ( Figure 1F and Figure  3 , A-C) aside from the hypothalamus (Figure 3D ), the fractional conversion of T4 to T3 is decreased in T4-mono rats ( Figure 1C) , explaining the lower serum T3 levels in these animals ( Table 1) . (d) The higher serum T4/T3 ratio observed in the T4-mono rats results from the combination of high serum T4 and low serum T3 levels (Table 1) and has important consequences for thyroid hormone action, as reflected in brain, liver, and skeletal muscle, all of which exhibit indications of hypothyroidism (Tables 2 And  3 ) despite normal serum TSH (Table 1) . (e) Only the combined administration of continuous L-T4 and L-T3 via subcutaneous pellets normalized all parameters of thyroid hormone homeostasis (Table 1) . While this point was reported in 2 seminal previous publications (30, 31) , here we show that the same applies to T3-dependent biological effects (Tables 2 And 3 ), a finding that has potentially important clinical implication.
The observation that T4-mono rats exhibit markers of reduced thyroid hormone signaling typical of hypothyroidism in certain areas of the brain, liver, and skeletal muscle was unexpected (Tables 2 And 3 ). In the liver it is logical to assume that this phenotype is the result of lower serum T3 levels, as local deiodination is not known to play a role in thyroid hormone signaling in the liver (9) . In contrast, thyroid hormone signaling in the brain involves local D2-mediated T4-to-T3 conversion in astrocytes, with T3 exiting these cells and triggering paracrine effects in nearby neurons (16) . At least 50% of the T3 in the brain is generated via this pathway (37) . Thus, the facts that (a) D2 is downregulated by T4 in some brain areas and not others, and (b) the loss of D2 activity is mediated by WSB-1 in only some areas, possibly explain differences in thyroid hormone signaling within the same organ (Figures 2-4) . This is likely to be aggravated by the underlying reduction in serum T3 levels (Table 1) .
A similar scenario could also be present in other D2-expressing tissues such as skeleton and skeletal muscle given the bone and skeletal muscle phenotype of the Dio2 KO mouse (38, 39) . However, in skeletal muscle, the D2 activity level is approximately 3 orders of magnitude lower than in BAT or brain (40) . In addition, at least half of the D2 activity in this tissue is the result of the ectopic presence of BAT (41) .
The present studies challenge the dogma that reduced D2 activity caused by exposure to T4 is compensated for by increased substrate availability, thus preserving, or even increasing, T3 production. While logical, this rationale requires experimental testing for each specific D2-expressing tissue, because the totalbody T3 production via the D2 pathway is reduced by the higher serum T4/T3 ratio (Figure 1, B-D) . In this regard, previously we observed in D2-expressing cells that T3 production trails T4 concentration in the medium only to a limited extent (18) . There is an inflection point at which further elevations in T4 concentration reduce D2 activity and T3 production falls precipitously; the level of T4 at the inflection point depends on the cell type, presumably because of intrinsic differences in D2 ubiquitination (18) . This Inactivation of D2 by ubiquitination has been described in cell models but not in animal models (19, 20) . It was, however, logical to expect that D2 ubiquitination occurs in vivo as well given that T4 is known to inactivate D2 in multiple tissues, including the brain (42). Here we used 2 approaches to prove that D2 undergoes WSB-1-mediated ubiquitination in different tissues. First, we developed the Astro-WSB-1KO mouse (Figure 2) , which exhibits an elevation in brain D2 activity (without changes in Dio2 mRNA) that is not responsive to T4 administration (Figure 3) . Notably, WSB-1-mediated D2 ubiquitination does not account for all of the elevation in D2 activity observed during hypothyroidism (Figure 3) , the remainder being possibly explained by D2 ubiquitination via another ubiquitin ligase(s) such as TEB4 (27) . Second, we used an in vitro system in which tissue-specific fraction II was prepared and used to drive D2 ubiquitination (Figure 4 ). This revealed that the hypothalamus is an area in the brain not so efficient at D2 ubiquitination when compared with all other areas studied. It is not clear why UbD2 does not accumulate in the hypothalamus given the local presence of Wsb1 mRNA, including in tanycytes (35) . That the addition of recombinant WSB-1 drives D2 ubiquitination indistinguishable from that in the other brain areas (Figure 4) indicates perhaps that insufficient WSB-1 levels are present in these cells or that the endogenous WSB-1 molecules are complexed with other substrates, or that in the hypothalamus UbD2 deubiquitination predominates. In this respect, a major difference between tanycytes and astrocytes with respect to the posttranslational processing of D2 is that only tanycytes express the D2-interacting DUB USP-33 (35) .
It is logical to assume that poor D2 ubiquitination in the hypothalamus explains why D2 in this area is only minimally sensitive to hypothyroidism and T4 administration (Table 3 and Figure   Table 3 . D2 activity in different brain areas and mRNA levels of T3-responsive genes in cerebral cortex and hippocampus of Tx rats treated with different thyroid hormone replacement regimens 
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Cerebellum mRNA , potassium inwardly rectifying channel (Kcnj10), Ras association (RalGDS/AF-6) domain family (N terminal) member 9 (Rassf9), and synaptotagmin 12 (Syt12). Entries are the mean ± SD of the indicated number of animals (n). Statistical analysis was by 1-way ANOVA. AAAA P < 0.0001 vs. all other groups (only in this case, ANOVA was performed excluding the placebo-Tx group because of the interference of a >20-fold increase in the post-test analysis); AAA P < 0.001 vs. all other groups; BB P < 0.01 or BBB P < 0.001 vs. placebo; CC P < 0.01 or CCC P < 0.001 vs.
T4-mono;
DD P < 0.01 or DDD P < 0.001 vs. T4/T3-comb. jci.org could explain residual "hypothyroid-like" symptoms exhibited by patients with normal serum TSH. Previous studies in rats indicated that only the combined therapy with L-T4 and L-T3 normalizes all thyroid function parameters at the same time (30, 31) . Here, we expanded these studies to demonstrate that not only thyroid function tests (Table 1) but also thyroid hormone-dependent biological parameters (Tables 2  and 3 ) can only be normalized by the stable administration of both hormones. It is remarkable that injections of L-T3 were not sufficient to normalize TH-dependent parameters (Tables 2 and 3) ; only the pellets with steady release did. This indicates that chronic fluctuations in serum T3 levels that are inherent to the subcutaneous injections (or oral administration) may not be well tolerated by T3-dependent tissues.
As the implications of these studies have significant potential impact on the treatment strategies for patients with hypothyroidism, studies should be repeated by other groups and extended to include human subjects as well. The fact that about 1,100 rats were studied for periods of up to 2 months provides unusual strength to the present observations. While the potential translational application to clinical practice is logical and much of what we know from human thyroid physiology was initially developed in rodents, these analogies should be done with utmost care. In rats the thyroid gland contributes with approximately 40% of the daily T3 production, while in humans it is approximately 20% (46); this makes rat thyroid hormone economy particularly dependent on thyroidal T3 production, relatively more than in humans. Thus, it would not be unexpected to see less dramatic effects if these studies were repeated in humans.
In conclusion, the present studies revealed that D2 ubiquitination is not universal in all tissues and that an inability of the hypothalamus to drive D2 ubiquitination is a pivotal element in the TRH/TSH negative-feedback regulation. This allows circulating thyroid hormone to function as a regulatory signal for hypo-3D). A similar lack of responsiveness to hypothyroidism was previously reported for hypothalamic Dio2 mRNA (14) and D2 activity (43) compared with marked elevation in the cortex and pituitary. Contrary to other regions in the brain, no increase in D2 activity in the hypothalamus has been observed in association with iodine deficiency (44).
Whatever the nature of the mechanism that preserves D2 in the hypothalamus, the end result is that the hypothalamus is exquisitely sensitive to serum T4 levels. This in fact has been documented in 2 independent studies. The first shows that systemic infusion of high doses of T4 into hypothyroid animals increases tissue and nuclear T3 in the hypothalamus rather than maintaining normal T3 levels (45) . The second shows that a 40% elevation in serum T4, without changes in serum T3, is sufficient to reduce TRH expression by 50% (17) . Thus, the hypothalamus stands in contrast to the other D2-expressing areas inside and outside the brain, in which the D2 pathway is downregulated by T4 (Table 3) , limiting T3 production. In fact, it is difficult to conceive how the TRH/TSH feedback mechanism would function if an elevation in local D2 activity could compensate for the drop in serum T4; if this were the case, serum TSH would never respond to a drop in serum T4.
The present study explains why it is difficult to normalize serum T3 in Tx rats (and probably humans) just by increasing the replacement dose of L-T4. As the dose of L-T4 is increased and serum levels of T4 are raised, T3 is much more efficiently produced in the hypothalamus than in other tissues. As a result of the imbalance between T3 production in the hypothalamus and that in the rest of the body, TSH secretion is normalized before the L-T4 dose is sufficiently raised to normalize serum T3. This also explains why serum TSH is generally below normal in Tx patients in whom serum T3 was normalized by elevation of the dose of L-T4 (7). In addition, different patterns of response to the elevated serum T4/T3 ratio in the brain (Table 3) and possibly other tissues (placebo-Tx group); (c) Tx animals implanted with a subcutaneous L-T4 pellet to deliver T4 at the constant rate of 1 μg per 100 g BW per day (T4-mono group); (d) Tx animals implanted with a subcutaneous L-T4 plus L-T3 pellet to deliver T4 at the constant rate of 0.72 μg per 100 g BW per day and T3 at 0.12 μg per 100 g BW per day (T4/T3-comb group); or (e) Tx animals implanted with a subcutaneous L-T4 pellet to deliver T4 at the constant rate of 0.72 μg per 100 g BW per day and treated daily with a subcutaneous injection of T3 at 0.12 μg per 100 g BW per day (T4/T3-inj-comb group).
Generation of WSB-1 tissue-specific KO mice. To establish an in vivo mouse model for cell type-specific deletion of WSB-1, first we generated floxed WSB-1 mice (Wsb1 fl/fl ) by inserting LoxP sites (48, 49) encompassing exons 6 and 7 of the Wsb1 gene (Figure 2A ). When exons 6 and 7 are floxed out, an in-frame stop codon is formed in exon 8 that prevents translation of the more C-terminal portion, resulting in a partial disruption of the WD-40 repeat and in complete loss of the SOCS box located in exon 9. The Wsb1 fl/fl mice were crossed with transgenic mice expressing Cre-recombinase under the astrocyte-specific glial fibrillary acidic protein promoter (GFAP-Cre) [FVB-Tg(GFAP-cre)25Mes/J; Jackson Laboratories] (50). This strategy was used to knock out WSB-1 in the GFAP-expressing astrocytes (Astro-WSB-1KO). In all experiments, Cre littermates were used as controls. Adult male mice were used between 9 and 12 weeks of age at the time of the studies. All mice were housed in a facility with a 12-hour light/dark cycle at 22°C and food and water ad libitum. Experiments were conducted according to protocols approved by the Animal Care and Use Committee of University of Miami Miller School of Medicine. All mice were genotyped by PCR of DNA isolated from tails. Astro-WSB-1KO animals exhibit normal serum TSH, T4, and T3 levels (Supplemental Figure 1A) and are systemically euthyroid with normal postnatal development and growth and metabolic rate -both parameters very sensitive to thyroid status -when compared with littermate controls (VO 2 : 264 ± 43 vs. 276 ± 68 l/kg/h). In some experiments, Astro-WSB-1KO and control mice were rendered hypothyroid by administration of 0.1% methimazole and 1% sodium perchlorate in the drinking water for 4 weeks. Control mice were kept with tap water. After 2 weeks, some mice received a daily injection of T4 (2 μg/kg BW, i.p.; Sigma Chemicals) or saline for the next 2 weeks.
In vivo fractional conversion of T4 to T3 and deiodinase-mediated T3 production in rats In vivo fractional conversion of T4 to T3 was estimated in rats as described previously (11, 12, 51 To estimate the contribution of the D1 and D2 pathways to serum T3 levels, blood samples were obtained by jugular puncture under light anesthesia before and after treatment with 2 mg intraperitoneal PTU per 100 g BW per day for 2 days. Liver samples were routinely obtained and processed for D1 activity, which was consistently more than 90% inhibited.
physiotropic TRH, and perhaps also for the control of appetite/ satiety centers in the hypothalamus. Even in tissues where D2 is ubiquitinated and inactivated by exposure to T4, dependence on WSB-1 is not universal as well. Avoiding a higher serum T4/T3 ratio through chronic combination therapy with L-T4 and L-T3 through slow-release subcutaneous pellets was key to normalize thyroid hormone-dependent biological parameters in the brain, liver, and skeletal muscle.
Methods

Animals and treatments
Thyroidectomized rats. All experimental protocols were performed according to official guidelines by the American Thyroid Association (47) , and carried out on intact or surgically thyroidectomized (Tx) adult male Sprague Dawley rats (Taconic Farms Inc.) weighing 150-200 g.
Intact animals were housed in standard plastic cages with 4 rats per cage under standard environmental conditions (light between 0600 and 1800 hours, temperature 21°C ± 1°C, rat chow and water ad libitum). Tx rats were maintained similarly except that drinking water contained 0.05% methimazole (MMI; Sigma-Aldrich).
Some animals were implanted subcutaneously with slow-release pellets containing placebo, L-T4, or L-T3 (Innovative Research of America), designed to release the doses indicated below for 60 days. Pellets were implanted with the help of a stainless steel reusable precision trocar around the interscapular region. Other animals, as indicated, received daily subcutaneous injections of T3 dissolved in saline at the indicated dose.
Intact or Tx rats were treated for 50 ± 3 days as follows: (a) intact animals implanted with a subcutaneous placebo pellet (placebo-control group); (b) Tx animals implanted with a subcutaneous placebo pellet ubiquitination plays a role in thyroid hormone homeostasis. TRH-expressing neurons release TRH in the portal blood, which is transported to the anterior pituitary. There, TSH is secreted and stimulates the thyroid to produce T4 and T4. In most tissues, exposure to T4 accelerates D2 inactivation by ubiquitination and its targeting to the proteasomal system. UbD2 can also be reactivated and rescued from proteasomal destruction by DUB-mediated deubiquitination. The present findings indicate that peripheral deiodination is very sensitive to T4-induced D2 ubiquitination, and thus a mild elevation in the serum T4/T3 ratio favors D2 inactivation and decreases fractional conversion of T4 to T3 and peripheral T3 production. A similar situation is seen in different regions of the brain where the elevated serum T4/T3 ratio results in a gene expression profile typical of hypothyroidism. In contrast, hypothalamic D2 is less susceptible to T4-induced ubiquitination, and/or deubiquitination is so effective in this tissue that T4-induced D2 inactivation is insignificant. As a result, T4 signaling via D2-mediated T3 production is very effective in the hypothalamus, whereas T3 production via D2 is easily inhibited in the periphery. The situation in the pituitary thyrotrophs is probably intermediary between these two extremes on the basis of previously published data (18) . This explains the discrepancy between normalization of TSH secretion and peripheral T3 production observed in L-T4-treated Tx rats.
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jci.org points of serial dilution of mixed experimental and control group cDNA were prepared for each assay. Cyclophilin A was used as a housekeeping internal control gene. The coefficient of correlation (r 2 ) was greater than 0.98 for all standard curves, and the amplification efficiency varied between 80% and 110%. Results are expressed as ratios of test mRNA/cyclophilin A mRNA.
Analytical procedures
Serum was processed for measurement of TSH, T4, T3, and rT3 levels using a MILLIPLEX rat thyroid hormone panel kit following the instructions of the manufacturer (Millipore Corp.) and read on a BioPlex (BioRad). Serum cholesterol and triglyceride levels were measured using commercially available kits (Sigma-Aldrich). Liver and quadriceps mitochondrial fraction was isolated as previously described (54) and processed for determination of activity of α-GPD, a T3-sensitive nonlipogenic enzyme, as described previously (55) . Mitochondrial α-GPD activity was expressed as OD units change per minute per milligram protein. Protein concentration was measured by the method of Bradford (56) .
Deiodinase assays D1 and D2 assays were performed in tissue sonicates in the presence of 10 mM DTT and 0.25 M sucrose as described previously (57) . D1 and D2 assays were performed using 500 nM 
Microsomal isolation and in vitro ubiquitination
The in vitro ubiquitination reaction was performed using a ubiquitin conjugation kit (K-960; Boston Biochem). The substrate was microsomal fraction of HEK-293 cells stably expressing YFP-D2 containing approximately 1,000,000 cpm of 35 S-labeled proteins (22, 29) . Conjugation Fraction A provided with the kit contains predominantly E1 and E2 enzymes. Instead, this was replaced with 300 μg of microsomal fraction II prepared from cerebral cortex, hippocampus, or hypothalamus as described and performed according to the manufacturer's instructions in the presence of purified ubiquitin molecules (58) . Shortly, the indicated area of the brains of 20 rats was dissected, cleaned, and kept in ice-cold PBS. Pools from each specific brain area were then lysed and separated on DEAE-cellulose into fraction I (unadsorbed material) and fraction II (0.5 M KCl eluate). Bacterially expressed GST or GST-WSB-1 was added to the reaction mixture as indicated (22) , which also contained 1 μM MG132. Incubation lasted for 4 hours and was followed by immunoprecipitation (IP) with α-YFP and size-fractionation in SDS-PAGE followed by autoradiography. α-YFP IP was performed using the MACS GFP-tagged protein isolation kit (Miltenyi Biotec) according to the manufacturer's instructions (29) .
Statistics
All data were analyzed using PRISM software (GraphPad Software) and are expressed as means ± SD. One-way ANOVA was used to compare more than 2 groups, followed by the Tukey's test to detect differences between 2 groups. The Student's t test was used to compare the differences between 2 groups. P < 0.05 was used to reject the null hypothesis.
Indirect calorimetry in mice Indirect calorimetry was performed in a comprehensive laboratory animal monitoring system (CLAMS; Columbus Instruments), a computer-controlled open-circuit calorimetry system. Animals were placed individually in metabolic cages where they were acclimatized at 22°C for 2 days with ad libitum access to water and food. Data were collected during the following 48 hours, as described previously (52) . Metabolic profiles were generated based on real-time data obtained in successive 14-minute cycles. Sensors were calibrated against a standard gas mixture containing defined quantities of O 2 and CO 2 (Airgas). VO 2 was expressed as milliliters per minute per kilogram of body weight.
Euthanasia and postmortem analyses
At the end of the experimental period, rats were euthanized by aortic exsanguination under light anesthesia. Mice were euthanized by asphyxiation in a CO 2 chamber. The liver, quadriceps skeletal muscle, and BAT were harvested. The brain was also harvested and further dissected under a microscope to obtain hypothalamus, hippocampus, cerebellum, and cerebral cortex. All tissue samples were frozen and stored in the liquid nitrogen. Blood was collected and centrifuged for 10 minutes at 1,000 g within 30 minutes of blood collection. Serum was separated and stored at -80°C.
In situ hybridization and analysis In situ hybridization histochemistry was performed on every fourth section through the paraventricular nucleus using a 741-base single-stranded [ 35 S]UTP-labeled cRNA probe for mouse TRH (53) . In vitro transcription was performed using SP6 (Promega Corp.) and [
35 S]UTP (1,250 Ci/mmol; PerkinElmer). The hybridization was performed under plastic coverslips in a buffer containing 50% formamide, a twofold concentration of standard sodium citrate (2XSSC), 10% dextran sulfate, 0.5% SDS, 250 μg/ml denatured salmon sperm DNA, and 5 × 10 5 cpm of radiolabeled probe for 16 hours at 56°C. Slides were dipped into Kodak NTB autoradiography emulsion (Eastman Kodak) diluted 1:1 in distilled water, and the autoradiograms developed after 3-7 days of exposure at 4°C. Autoradiograms were visualized under dark field illumination using a COHU 4910 video camera (COHU Inc.). The images were captured with a color PCI frame grabber board (Scion Corp.) and assembled in Photoshop (53) .
Quantitative mRNA analysis Total RNA was extracted from adipose tissue samples using the RNeasy kit (Qiagen). The extracted RNA was analyzed by a NanoDrop spectrophotometer, and 1.0 μg of total RNA was reverse transcribed into cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Genes of interest as described in the legend to Table 3 were measured by quantitative RT-PCR (BioRad iCycler iQ Real-Time PCR Detection System) using the iQ SYBR Green Supermix (BioRad) with the following conditions: 15 minutes at 94°C (Hot Start), 30-50 seconds at 94°C, 30-50 seconds at 55°C-60°C, and 45-60 seconds at 72°C for 40 cycles. A final extension at 72°C for 5 minutes was performed as well as the melting curve protocol to verify the specificity of the amplicon generation. Standard curves consisting of 4-5
